For ZnO, the optical dielectric functions for polarizations parallel and perpendicular to the optical axis were determined in the photon energy range from 4.0 to 9.5 eV by using generalized spectroscopic ellipsometry and the band structure was calculated by means of the empirical pseudopotential method. From the band structure, a theoretical dielectric function was derived. The dielectric functions reveal features that were identified as band-to-band transitions. The energies of those transitions were assigned to band-to-band transition energies of critical points of the calculated band structure.
I. INTRODUCTION
The wurtzite semiconductor ZnO possesses attractive properties for possible applications in optoelectronic devices operating in the ultraviolet spectral range due to its wide band-gap of 3.34 eV. Previous studies, mostly performed on single crystal bulk samples, have revealed many fundamental properties of ZnO [1] . However, knowledge about the electronic band structure and the anisotropic dielectric functions for photon energies above the fundamental band edge is not exhaustive and the physical origin of some features observed in the dielectric functions are still unclear. * E-mail: Schmidt-Grund@physik.uni-leipzig.de In this work, we have, therefore investigated the roomtemperature electronic and VIS-VUV optical properties of ZnO, both experimentally and theoretically, by means of generalized spectroscopic ellipsometry (GE) respective the empirical pseudopotential method (EPM). The above-band-gap optical dielectric functions of ZnO for polarizations parallel and perpendicular to the optical axis have been determined and critical point structures found therein have been related to electronic band-toband transitions in the Brillouin zone.
II. EXPERIMENTS
The ZnO thin-film sample with thickness d = 1350 nm was grown by means of PLD (pulsed-laser-deposition) on a 10 mm × 10 mm × 0.5 mm r -plane (1102) Al 2 O 3 substrate [2] . The substrate temperature during the deposition was held at 750
• C. The epitaxial relationship was determined using XRD and generalized infrared spectroscopic ellipsometry (gIRSE). An a-plane (1120) orientation of the ZnO layer with an Euler angle θ ZnO = 89.0
• and with equal in-plane orientations of the ZnO and the Al 2 O 3 c-axes was found [3] .
Ellipsometry determines the change in the polarization state of a plane wave due to interaction with a sample. For the ellipsometry setup, the plane of incidence is defined through the wave vectors of the incident and the emerging waves with p-(electric field vector parallel to the plane of incidence) and s-polarized (electric field vector perpendicular to the plane of incidence) components. Wurtzite-structure ZnO is optically uniaxial, with its optical axis parallel to the c-axis of the wurtzite structure. The dielectric tensor has only elements ε ij different from zero at the principal diagonal, where ε ⊥ = ε 11 = ε 22 = ε 33 = ε . The c-axis orientation relative to the sample normal and the plane of incidence is described by the Euler angles θ, which denotes the angle between the c-axis and the sample normal and φ, which is the angle between the projection of the c-axis onto the sample surface and the plane of incidence [4] . For a-plane-oriented samples, the optical axis is within the plane perpendicular to the sample normal (θ ∼ 90
• ) and mode coupling between the p-and the s-polarized wave components upon light reflection at oblique incidence will occur if the optical axis is not parallel or perpendicular to the in-plane wave vector component (φ = 0
• , 90 • ). For this situation, the GE approach is mandatory [4] . • , −45
• , right-and left-handed circularly polarized light components, respectively [5] . S 0 is proportional to the total intensity of the light beam. The Mueller matrix (components M i,j , i,j = 1 . . . 4) then describes the change of each quantity upon interaction of the electromagnetic plane wave with an optical system. The GE approach allows simultaneous determination of the Mueller matrix elements M ij .
Room-temperature GE measurements were performed in the photon energy range from 4.0 eV to 9.5 eV with a spectral resolution of 50 meV in order to determine the Mueller matrix elements M ij , except for elements in row 4, by using a rotating-analyzer ellipsometer with an automated compensator function. Data were acquired for three different sample orientations by manually rotating the sample about the sample normal in steps of ≈ 45
• and at angles of incidence of Φ = 30
• , 50
• and 70
• . The sample chamber was purged with dry nitrogen.
A deuterium lamp was used as the light source. Figure  1 • → φ = −45
• . For φ = 0, these elements would vanish. The actual setting of the c-axis orientation during measurements caused a slight deviation from symmetry (left and right panels in Figure 1 ) and a finite mode conversion (middle panel).
In order to extract the dielectric function of interest from the measured GE data, a three-phase model consisting of parallel layers with perfectly abrupt interfaces and spatial homogeneous dielectric functions is assumed: half-infinite ZnO substrate 1 and a thin SOL layer bound by the ambient. The SOL layer is invoked to mimic the effect of a thin surface roughness layer. As a good approximation the optical effect of the surface roughness layer is obtained by using the Bruggeman effective medium approach, equally weighting the two dielectric functions of ZnO (50 %) and the ambient (50%, ε = 1). The ZnO model then includes energy-dependent parameters ε ⊥ , ε and energy-independent parameters θ, φ and SOL thickness d. Measurements at multiple orientations φ were invoked during data analysis. In this multiplesample-orientation regression, each data set possesses its own model, but all data sets share a common set of parameters (ε ⊥ , ε , θ, d) whereas φ is different for each set. Thereby, parameter correlation issues are practically dispensed with, regardless of the actual c-axis orientation during the individual measurements. Finally, a regression analysis (Levenberg-Marquardt fitting algorithm) is performed, where model parameters are varied until calculated and experimental data match as closely as possible. The efficiency of the used model can be estimated by using the amount of the mean square error (MSE) of the fit.
A direct way of obtaining the materials dielectric function of interest is to invert the experimental GE data for each wavelength independently of all other spectral data points (point-by-point method, PBP ). In Figure  1 the PBP method was applied to the experimental data by using a model without a SOL (ideal half-infinite ZnO substrate bound by the ambient). Exemplary, for M 33 at φ = −2.7, the best-fit calculated spectra for a single-layer model (with a SOL, solid line) and for a model without a SOL (dashed line) are shown in an enlarged section in Figure 1 . The two spectra and the resulting dielectric functions differ essentially by offsets (for the real part approximately 0.8). Also, the amounts of the anisotropy of the dielectric functions differ for both cases. Using the model without a SOL, the MSE doubles in comparison to the use of the single-layer model. Therefore, we conclude the use of the single-layer model is justified. In order to estimate the influence of the SOL on the accuracy of the determination of the ZnO dielectric functions, we calculated the penetration depth of the light from the SOL absorption coefficient and we found it to be 90 . . . 300 nm. Because the thickness of the SOL was found to be 13 nm, this implies that the surface screens the ZnO properties only marginally.
The dielectric function obtained by using the PBP method was further compared to the line-shape model functions in order to obtain physically relevant parameters such as energies, amplitudes, or broadenings of band-to-band transitions. Band-to-band transitions are possible close to Van Hove singularities in one, two and three dimensions in the density of states of the electron bands, where critical points (CP) of the type M 0 -M 3 occur [6] . With increasing photon energy and starting within the band gap of a semiconductor, ε reveals the fundamental absorption edge, which is typically of a 3DM 0 CP type. At higher energies, CP structures occur, which are often described as 3DM 1 , or equivalently as 2DM 0 , or M 2 type singularities. The number of unknown parameters in the regression analysis can be reduced considerably if appropriate parametric model dielectric functions (MDF) are used directly to describe the dielectric function for the material of interest. Thereby, all measured spectral data points are simultaneously involved in the regression analysis (MDF method). In the case of a MDF analysis, the measured data are directly connected to the physical parameters of interest and, in principle, layer thicknesses can also be obtained independently. In this work, we focuss on the band-to-band transitions above the fundamental absorption edge. A presentation of the MDF for the near band-gap contributions (ε E 0 ) was discussed previously [7] . The MDFs employed here are given below. The contribution due to a 2DM 0 CP reads
where E t , A and Γ denotes the CP transition energy, amplitude and broadening parameter, respectively. E is the photon energy. Lorentzian-broadened harmonic oscillators may be used to a good approximation for representations of typical broad CP structures caused by a M 2 -type CP:
Contributions due to transitions at energies above the studied photon energy range are accounted for by using an undamped harmonic oscillator (pole). Two sets of model functions were constructed, one for ε ⊥ and the other for ε , which consist of sums of individual CP contributions due to the band-to-band transitions
, labelled with increasing numbers for increasing photon energy, the high-energy contributions (ε he ) and the contributions due to the fundamental band edge (ε E0 ). The parameters of these MDFs were varied until the spectra of the model dielectric functions matched the spectra of the PBP calculated dielectric functions as closely as possible. The Mueller matrix elements calculated using the MDF ε ⊥ and ε follow closely our measured data in Figure 1 (dotted lines). The features marked by arrows indicate the CP structures E
The lineshape of the CP structures E i (i = 1, 2, 5 -7) were found to be best described by functions ε L whereas those labelled E 3 and E 4 matched lineshape functions of the type ε 2DM 0 . In Figure 2 , spectra of the real and the imaginary part of the ZnO dielectric functions ε ⊥ and ε , as obtained from the MDF analysis, are shown along with the individual contributions from the different CP structures. Note, that the contribution E 0 is a sum of that from the E 0 -CP and the distinct contribution from the free excitons. Only small differences between ε ⊥ and ε are found in our study. The most prominent is that the transitions E 5 and E 7 only occur in ε and ε ⊥ , respectively. At the photon energies 5.08 eV, 7.76 eV and 8.78 eV for the real part and at the photon energies 7.61 · · · 7.90 eV and 9.22 eV for the imaginary part, ε and ε ⊥ are almost indistinguishable.
III. THEORY
We have performed band-structure calculations for wurtzite ZnO by utilizing the empirical pseudopotential method (EPM), thereby taking spin-orbit interaction into account and allowing for the energy dependence of the crystal potential through the use of nonlocal model potentials. Within the EPM, the crystal potential is set up as a superposition of spherically symmetric model potentials, which are placed at the positions of atoms within the crystal. In this work, we make use of the empty-core model potential introduced by Ashcroft [8] : with z i and r i being adjustable parameters. These can be understood as an effective ion charge and an effective ion radius, respectively. These parameters are fitted to experimentally well-known low-temperature transition energies of ZnO, thereby reproducing the fundamental band gap and yielding the band dispersion up to excited valence band states. The relativistic effects in form of the spin-orbit interaction are taken into account by means of a model due to Bloom and Bergstresser [9] . A more detailed description of the method and its implementation can be found elsewhere [10] [11] [12] [13] .
The incorporation of the temperature dependence into the band structure calculations is done by means of the Brooks-Yu model [14] . Therein, the pseudopotential structure factors are weighted with Debye-Waller factors that are directly related to the mean square of the temperature-dependent relative displacements by
In our work, we used the value u 2 (293K) = 0.00246Å 2 [15] . The resulting room-temperature band structure of wurtzite ZnO is shown in Figure 3 . The room- temperature band-gap energy amounts to 3.34 eV, which is in favourable agreement with experimental values obtained by means of spectroscopic ellipsometry. Using the expansion coefficients c i and c j from plane wave band structure calculations, we were able to calculate the transition matrix elements for polarizations parallel and perpendicular to the optical axis.
The corresponding eigenfunctions with the plane wave expansion coefficients c i and c j have been used to calculate the polarization-dependent transition matrix elements, which follow from
where G are the allowed reciprocal lattice vectors andê is the polarization vector. The optical matrix elements . Room-temperature spectra of the imaginary part ε 2 of the dielectric functions ε ⊥ and ε (solid and dashed lines, respectively). The red lines refer to the experimentally determined data shown in Figure 2 and the blue lines refer to the DF spectra calculated by means of the EPM shown in Figure 4 . The calculated ε2 is given in arbitrary units.
were calculated along high symmetry lines in the Brillouin zone to evaluate the dominant character of allowed band-to-band transitions, whether occurring for polarization parallel or perpendicular to the c-axis of ZnO.
Finally, the imaginary part of the dielectric function of wurtzite ZnO was calculated according to (6) where the integration over the Brillouin zone was performed by means of the Linear Tetrahedron Method after Lehmann and Taut [16] . The imaginary part of the dielectric function of wurtzite ZnO is given in Figure 4 . A more detailed analysis allowed for the identification of band-band transitions in the Brillouin zone being responsible for critical point features in the imaginary part of the dielectric function. Thereby, the lineshape of critical point features is a superposition of several transitions in the Brillouin zone, where the most dominant contributions to the critical point energies E 2 . . . E 7 are indicated in Figure 3 by red arrows.
IV. DISCUSSION
In the following, the experimentally obtained VUV dielectric function of ZnO will be compared to the calculated one. Figure 5 displays the imaginary part of the experimentally obtained VUV DF spectra together with the calculated room-temperature ε 2 spectra. The experimental and theoretical DF spectra provide similar energies for the near band-gap band-to-band transitions (not shown in Figure 5 ). The theoretically obtained energy value of the lowest band-to-band transition is approximately 30 meV smaller than the experimental one [7, 17] .
In the energy range of the higher band-to-band transitions with energies E β , the structures in the calculated DF spectra are red shifted by approximately 90 meV compared to those in the measured DF spectra ( Figure  5 ). The spectral shift is assumed to be caused in general difficulties in the theoretical calculations of the absolute values of the band-to-band transition energies and can be mostly related to the facts that the influence of the Zn delectrons was not considered during the calculations and that due to the one-electron character of the EPM theory electron-electron interactions were neglected. The differences between both dielectric functions for photon energies below 5 eV can be related to the strong excitonic contributions near the band gap, which are notably pronounced in ZnO and are not considered in the EPM calculations.
Except for the mentioned spectral shift, the lineshape of the experimental and theoretical DF spectra agree well for photon energies above 5 eV. The anisotropy is more pronounced in the theoretical DF spectra. Especially in the energy range of the band-to-band transitions E 3 . . . E 7 , ε ⊥ is considerably smaller than ε . The general agreement of the lineshape of the calculated and measured DF spectra permits the assignment of transition energies identified experimentally to vertical band-to-band transitions in the EPM calculated roomtemperature ZnO band structure at highly symmetric points L, M, Γ, A and H in the Brillouin zone ( Figures  5 and 3 ).
V. CONCLUSIONS
We have experimentally investigated the optical dielectric functions of wurtzite ZnO for polarizations parallel and perpendicular to the optical axis by utilizing generalized spectroscopic ellipsometry in the photon energy range from 4.0 eV up to 9.5 eV. The experimentally obtained data have been analyzed by means of an layer model and a parametric model dielectric function approach with energy-dependent lineshape functions. Furthermore, the electronic band structure of wurtzite ZnO has been calculated by means of the EPM, which provides us with the correct valence band dispersion up to excited states. On the basis of this band structure, the imaginary part of the dielectric function was obtained by using Brillouin zone integration. The observed critical point features in the dielectric function were correlated to direct band-band transitions in the electronic band structure. A very good overall agreement between the experimentally and theoretically obtained results have been found.
